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Abstract 
One critical roles of the water distribution system is to provide sufficient fire flow to manage effectively urban fires. This paper 
used a practical example to show how to evaluate the fire flow capacity of urban water supply networks based on a hydraulic 
network model. Firstly, a hydraulic model of a real network of a city in South China was built. The whole network consists of more 
than 113 thousand pipes, 99 thousand nodes and 3200 hydrants. Then the fire flow capacity was analyzed, and the results were 
showed using color coding technology. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The primary goal of water distribution system is to provide sufficient water with acceptable quality to consumers. 
Another significant goal is to supply enough water to response to emergency conditions such as fire hazards. When a 
fire event happens, much more water than usual is provided at hydrants to fight fire. At the same time, pressure at 
other nodes should be slightly higher than the minimum pressure in order to meet demands. The current standard 
requires designers to consider fire flow capacity when deciding the size of pipes, pumps, storage tanks and other 
appurtenances. However, the older system may not provide adequate fire flow for early design standards doesn’t 
include this requirement. Additionally, the expansion of the water distribution system may have failed to keep up with 
the growth of the increasing demands requirement. The ability of these system to fight urban fires is insufficient. So it 
is of great significance to assess the reliability of the water distribution system in terms of fire flow capacity.  
Fire events will cause economy destruction, loss of life and property, human suffering, and bring inconvenience to 
people’s lives. Fire protection infrastructures include hydrants located in the water distribution system and indoor 
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firefighting equipment such as fire extinguishers, fire alarm systems and sprinkler systems. To improve the firefighting 
capability of the city, plenty of hydrants are installed in the water distribution network. In China, there are some 
standards for hydrant location selection: (1) the distance between hydrants should be less than 120 m; (2) hydrants 
should be located along the road, when the width of the road is greater than 60 m, hydrants should be set on both sides, 
and should be close to crossroads; (3) the flow of each hydrant should be between 10~15L/s; (4) the outlet pressure of 
the hydrant should be no less than 0.1MPa. Estimation of required fire flow is important when designing a new water 
distribution system. The required fire flow is defined as the rate of water flow at a residual pressure of 138kPa for a 
specified duration to extinguish the fire. It is varied with the building size, building material, the structure and contents 
of the building, exposures, weather, temperature, the existing fire protection measures and so on [1]. There are 
numerous methods to calculate the required fire flow, including Insurance Services Office (ISO) method, Iowa State 
University (ISU) method and Illinois Institute of Technology Research Institute (IITRI) method. The ISO method 
considers the construction, occupancy, exposure, and communication factors [2]. The ISU method is based on the 
combustion of fuel in the burning room and the evaporation of applied water into steam. The IITRI method is 
developed from the data collected from 134 fires in Chicago. Generally, the IITRI method generates the highest 
required fire flow, and the ISO method yields a bit higher results than the ISU method, however, this is not always the 
same case [1]. To improve the fire flow capacity of the water distribution system, larger pipes are needed to convey 
more water. Bristow et al. [3] presented a vulnerability analysis method to assess the ability of the system to resist 
multi-mode attacks and failures, and mitigation methods involving enlargement of water mains are proposed to 
improve firefighting capability of the water distribution system. Lufthansa and Brumbelow [4] also presented a risk 
analysis method to evaluate the vulnerable components of a water distribution system concerning fire events, several 
mitigation strategies are proposed and evaluated, the authors found that enlargement of pipes was a useful way to 
improve the firefighting capability. However, pipe enlargement would lead to an oversized system as demand in fire 
condition is much larger than demand in normal condition. An oversized system will reduce flow rate, and increase 
hydraulic retention time, which, in turn, accelerates the decay of residual chlorine and increases the possibility of the 
formation of disinfection by-products. An oversized system will also increase the construction and maintenance costs, 
for example, elevated tanks need to maintain at a high level to supply adequate fire flow. A set of studies considered 
fire flow capacity when evaluating the reliability of the water distribution system. Jung et al. [5] proposed a multi-
objective optimization approach that incorporated the conditional probability of fire flow failure, the optimization 
intended to minimize the cost of adding new pipes and pumps with a reduction in uncertainty of fire flow failure, the 
non-dominated sorting genetic algorithm (NSGA-II) was applied to generate Pareto-optimal solutions, and the results 
indicated that the most optimal way is to use a minimum 150 mm size of pipes to provide fire protection. Kanta et al. 
[6] proposed a multi-objective evolutionary computation approach to find effective mitigation strategies to achieve the 
goal of providing sufficient fire flow, guaranteeing water quality and minimizing the mitigation cost, the NSES 
methodology which incorporates the NSGA-II method and the evolution strategy (ES)-based method is applied to 
generate Pareto-optimal solution, the results also support the industry practice of using a minimum 150-mm-diameter-
pipe to ensure firefighting capability. For the purpose of evaluating the fire flow capacity of an area, the hydrant flow 
test can be conducted [7]. However, the hydrant flow test has been judged to be disruptive, time consuming, 
prohibitively costly and only approximate [8]. Additionally, it’s also impossible to physically test every hydrant of the 
system. For this reason, computer simulation presented a practical and economical way to assess the fire flow capacity 
of the water distribution system. Izinyon and Anyata [9] constructed a WaterCAD hydraulic network model, and used 
the model to compute the available fire flow of the system. This paper builds a hydraulic model of a real water 
distribution system in China based on WaterGEMS software [10], then uses the model to evaluate the fire flow capacity 
of the system. Finally, the authors analyzes the results and give some suggestion. 
2. Basic theory 
2.1. The estimate of available fire flow using hydrant flow test 
If the hydrant flow test method is used to evaluate the available fire flow, two hydrants close to each other would 
be involved in actual operation. One is regarded as the residual hydrant and the other is test hydrant. A pressure gage 
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is attached to the residual hydrant, and a flow meter is installed in the test hydrant. The pressure of the residual hydrant 
and the flow of the test hydrant are recorded. Let PS be the static pressure at the residual hydrant with no hydrant 
flowing, PT be its pressure when the flow in the test hydrant is QT during the test. Then the available fire flow at 
pressure PR (usually 138kPa) can be predicted using 
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Eq. 1 is based on several assumptions, so it just can be used under certain conditions, and Eq. 1 is only an 
approximate estimate of the available fire flow. To give a better estimate of available fire flow over a wider range of 
conditions, Walski [11] proposed an alternative equation 
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Where݄ଵ= hydraulic grade line elevation at constant head (m), ݄ଶ= elevation of residual hydrant (m). Walski 
applied the Eq. 2 to a hypothetical system, and proved that Eq. 2 yields more accurate results than Eq. 1, moreover, it 
can be used in a much wider range of conditions. However, both Eq. 1 and Eq. 2 ignore the redistribution of pressures 
throughout the system as flow demands and operating conditions changed [12]. Additionally, the hydrant flow test 
method is not practical to physically test all hydrants within a water distribution system. 
2.2. The estimate of available fire flow using hydrant flow test 
Another way to estimate available fire flow is to use a hydraulic network model. A properly calibrated hydraulic 
network model can calculate the fire flow capacity for all nodes while maintaining various constraints. Two methods 
are commonly used in the hydraulic model to calculate the available fire flow. The normal one is to increase the fire 
demand at interest node of certain increment each time, then compute the pressure at other nodes, when the computed 
pressure drops to the required value, the calculation process stops. This method spends a large computational effort 
and the accuracy of the results depends on the increments of fire flow. Another method is to add a no-resistance pipe 
connecting the object node to a fictitious reservoir in which the hydraulic grade set to the residual pressure required, 
then the available fire flow equals to the total demand flowing from the object node to the fictitious reservoir [12]. 
This method requires less trial and provides more accurate results, but it also involves some redundant computing. 
Boulos et al. [12] proposed a modified method to calculate the available fire flow with a hydraulic network model. 
The method based on the iterative application of a modified form of Eq. 1. The modified equation is 
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When ்ܲ  = ோܲ , Eq. 6 leads to the result ofୖ ൌ ்ܳ. The following procedure is suggested to use to calculate்ܳ: 
x Conduct the basic hydraulic calculation, record the ௌܲ under demandୗ. The value of  ோܲ  is designated (e.g., 
138kPa). If ௌܲ ൏  ோܲ, thenୖ ൌ Ͳ; if ௌܲ ൌ  ோܲ , thenୖ ൌ ୗ; if ௌܲ ൐  ோܲ , then set୘ ൌ ୗ ൅ ο, in which ο is 
an arbitrary increment of flow. 
x Run the model to calculate the corresponding pressure ்ܲ . x Calculateୖ using Eq. 6 and Eq. 7. 
x Check convergence. Ԗ ൌ ȁொೃିொ೅ȁȁொೃȁ , if Ԗ is less than a small tolerance (e.g., ͳͲ
ିସ ), then stop with solution ୖ . 
Otherwise, replace ୗ and ௌܲ with୘ and ்ܲ  respectively. Set୘ ൌ ୖ, and return to step 2. 
In this method, the previous iteration results are used as initial values of the following iteration. It reduces some 
computation effort. Boulos tested this method for several example, the results always converged within six or fewer 
iterations. 
3. Case study 
3.1. Introduction of the water distribution system 
4. The example used in this paper is a real municipal water supply network of a Chinese city. The pipe network system 
contains 113,130 pipes, 99,131 nodes, 3,110 hydrants, 9,829 isolation valves, 269 air valves, 2 reservoirs and 12 
pumps. The total pipe length is 1034.72 kilometre (km), the maximum diameter is 2,200 mm, and the minimum 
diameter is 15 mm. 
 
Fig. 1. The network topology of the water distribution system 
 
Fig. 2. Color coding rule of diameter 
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The daily water supply is 350,000 cubic meters (m3/d). The network topology was showed in Fig. 1, the colour 
coding technology was used in this Fig., pipes were colour coded by the size of diameter, colour-coding rule was 
showed in Fig. 2. The statistic information of pipes was displayed in Table 1. 
Table 1. The statistic information of pipes 
The range of diameter (mm) Pipes (count) Total length (km) 
൒1800 14 0.20 
1200~1600 267 10.70 
800~1000 981 36.38 
400~600 4028 138.87 
300 3994 108.06 
200 8036 129.40 
150 7564 98.21 
100 31919 227.61 
൏100 56327 285.29 
Total  113130 1034.72 
4.1. Building the hydraulic network model 
Hydraulic network model is widely used in network design, optimization and assessment. It can be used to simulate 
real hydraulic conditions of the water distribution system. Since it will spend a lot of time and money to conduct the 
hydrant flow test in a real-world system, it is a more economical and reliable way to use a properly calibrated hydraulic 
model to analysis the fire flow capacity of the system. The hydraulic network model of this system was built based on 
WaterGEMS [10], proper calibration was conducted, and the relative pressure accuracy of the model was less than 
5%. The specific modeling process was: 
x Identify needs. This hydraulic model was built to conduct fire flow capacity analysis. WaterGEMS program was 
selected to build the model. 
x Data collection. Since data is the foundation of the model, it is necessary to collect the required data. The collected 
data are: pump curves, system maps, topographic maps, Computer-Aided Drafting (CAD) drawings, Geographic 
Information System (GIS) data, Supervisory Control And Data Acquisition (SCADA) data, demand data, field data 
and so on.  
x Verified data. Verified the integrity, reliability and accuracy of the collected data. 
x Building the hydraulic model. Importing the accurate data to the program, then validated the model to check the 
connectivity condition, and corrected the model to ensure that the model could run successfully. 
x Calibrated the model. Compared the results of the model with the SCADA data or field data. If there is a great 
difference between the data, adjust parameters of the model until the relative pressure accuracy of the model was 
less than 5%. 
x Model application. Using the model to evaluate the fire flow capacity of the water distribution system. 
4.2. Fire flow capacity analysis based on hydraulic network model 
Fire flow analysis was conducted with several constraints: fire flow (needed) was set to 100L/s, fire flow (upper 
limit) was set to 300L/s, pressure (residual lower limit) was set to 100 KPa. Fire flow (needed) means the flow required 
at the junction to meet fire flow demands; fire flow (upper limit) means the maximum allowable fire flow that can 
occur at the junction, it is set to avoid the time-consuming computation at locations such as primary water mains 
which have large diameter and high service pressure; pressure (residual lower limit) means minimum residual pressure 
at junctions. Fire flow was added to baseline demand while performing the hydraulic calculation. All nodes and 
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hydrants within the system were calculated in this example, to visually understand the result the color coding 
technology was used. The results of fire flow capacity analysis was showed in Fig. 3, and the rule of color coding was 
presented in Fig. 4. We could know from the result that 11148 nodes had the maximum fire flow of 300 L/s. There 
were 26514 nodes satisfying the fire flow requirement, their available fire flow was more than 100 L/s. The specific 
information was displayed in Table 2. 
Table 2. Fire flow statistic information of nodes 
Fire flow (L/s) 300 100~300 80~100 65~80 50~65 35~50 0~35 Total 
Nodes (count) 11148 15366 4219 4375 7484 13680 42859 99131 
 
Fig. 3. The fire flow capacity analysis result 
 
Fig. 4. The rule of color-coding 
3.3.1 Fire flow at hydrants 
As showed in Table 3, there were totally 3110 hydrants in the water distribution system. The available fire flow for 
77 percent hydrants were more than 100 L/s. The available fire flow for 127 hydrants were less than 35 L/s, moreover, 
8 hydrants’ fire flow were less than 15L/s. These 8 hydrants didn’t meet the hydrant setting standard in China, their 
location were showed in Fig. 5. Enough attention should be paid to these hydrants. If a fire event happens in these 
areas, these hydrants couldn’t supply sufficient water to extinguish the fire. 
Table 3. Fire flow at hydrants 
Fire flow (L/s) 300 100~300 80~100 65~80 50~65 35~50 0~35 Total 
Nodes (count) 76 2314 198 123 141 131 127 3110 
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Fig. 5. The location of the hydrants whose available fire flow was less than 15 L/s 
3.3.2 Fire flow at reserved conduit joints 
There were totally 1242 reserved conduit joints, 50 percent of them had the maximum fire flow of 300 L/s, the 
available fire flow for 74 percent reserved conduit joints were more than 100 L/s. It means 74 percent of reserved 
conduit joints satisfied the fire flow requirement. Reserved conduit joints are nodes that reserved as connection points 
for the future network expansion plan. They are always connect to pipes whose diameter is more than 100mm, and 
there are no downstream pipes, sufficient service pressure is kept at those reserved conduit joints. Specific information 
was presented in Table 4. 
Table 4. Fire flow at reserved conduit joints 
Fire flow (L/s) 300 100~300 80~100 65~80 50~65 35~50 0~35 Total 
Nodes (count) 612 309 47 29 34 69 142 1242 
3.3.3 The relationship between fire flow and pipe size 
Comparing Fig. 1 and Fig. 3, we could find that almost all the nodes connecting to 400-mm-diameter-pipes or 
larger pipes could meet the fire flow requirement. Most nodes whose available fire flow were less than 35 L/s 
connected to pipes with small diameter, such as 100 mm or smaller. As showed in Fig. 6 and Fig. 7, this is a typical 
residential area. Fig. 6 presented the network topology of this area, and Fig. 7 presented the fire flow calculation 
results, each node was color coded according to the fire flow, color coding rule is presented in Fig. 4. We could 
visually see that water mains with diameter of 300 mm or 400 mm could provide the maximum fire flow of 300 L/s, 
for they have large diameter and high service pressure. Available fire flow decreased rapidly at branch pipes. Nodes 
at the end of the pipes were color coded with red, which means their available fire flow were less than 35 L/s, most 
red nodes in Fig. 7 connected to 80-mm-diameter-pipes. 
5. Conclusion 
An important function of the water distribution system is to deliver sufficient water to extinguish the fire during 
fire events. This paper used a practical example to show how to evaluate the fire flow capacity of urban water supply 
network using a hydraulic network model. The hydraulic network model was first built, proper calibration was 
conducted, and the relative pressure accuracy of the model was less than 5%. Then fire flow analysis was conducted, 
to visually understand the results the color coding technology was used. We could see from the results that 11 percent 
nodes had the maximum fire flow of 300 L/s, 27 percent nodes met the fire flow requirement, their available fire flow 
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were more than 100 L/s. There were totally 3110 hydrants in this system, the available fire flow for 77 percent hydrants 
were more than 100 L/s, the available fire flow for 4 percent were less than 35 L/s. 8 hydrants didn’t meet the hydrant 
setting standard in China, their fire flow were less than 15L/s, the locations of these hydrants were showed in Fig. 5. 
The authors also found that almost all the nodes connecting to 400-mm-diameter-pipes or larger pipes could meet the 
fire flow requirement. Most nodes whose available fire flow were less than 35 L/s connected to pipes with small 
diameter, such as 100 mm or less. This is because water mains had large diameter and high service pressure while 
branch pipes had small diameter and low service pressure. 
 
 
Fig. 6. Pipes in a typical residential area 
 
 
Fig. 7. Color coding results of fire flow 
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